ABSTRACT. i -Gliitamate, a putative photoreceptor cell neurotransmitter, causes thinning of the inner layers of the retina and has been used for preparing biologically fractionated photoreceptor cells. However, it is possible that absence of the inner retinal layers may affect the remaining retina, and/or glutamate may directly affect photoreceptor cells. Weevaluated quantitatively the effects of i -glutamate on the developing photoreceptor cells by measuring the rod photoreceptor cell-specific protein, opsin. Wepurified rat rhodopsin and used it as the standard for measuring opsin content of rat retinas with competitive enzyme-linked immunosorbentassay. Various concentrations of glutamate were injected into 7-day-old rats, and the effects of the amino acid concentration on opsin expression were determined on postnatal day 14. Inner layers of the retina degenerated when10 ju\ or 15 ju\ of 2.4 M glutamate/gram body weight was administered subcutaneously. Opsin content of these glutamate-treated retinas decreased significantly compared with control retinas. Weadministered glutamate to rats at various stages of development and determined the effects by light microscopy on postnatal day 14. The administration of glutamate resulted in no degeneration of the inner retina if injected on postnatal day 1 or 2, degeneration of the inner retina between day 3 to 7, and again, no degeneration after postnatal day 13. Opsin content decreased significantly when glutamate was administered between postnatal day 1 to 7, but not after day 13, the day the blood-retinal barrier seems to reach maturity. Our findings indicate that systemic administration of L-glutamate affects the expression of opsin in the developing rod photoreceptor cells.
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Glutamate is a leading candidate for the excitatory neurotransmitter of the vertebrate retinal photoreceptors (2, 4, 10) and bipolar cells (8, 15, 26) . Neurotoxicity by endogenous excitatory amino acids such as glutamate has been implicated as a mechanism for central (24) and retinal neuronal cell loss (29) after ischemia.
Moreover, it is shown that an abnormality in the glutamate metabolism may cause a retinal dysfunction (1).
Since Lucas and Newhouse(13) reported the toxic effects of glutamate on the inner retina, the amino acid has been used to prepare biologically fractionated photoreceptors since the photoreceptors appeared normal in form and concentration. The results using the fractionated photoreceptors provided important clues to amino acid levels (6), electroretinograms (21), and distribution of the enzymes (22) in the retinas. Casper et al. (5) , however, demonstrated that photoreceptor cell damage of isolated embryonic chick retinas occurred after treatment with glutamate in an in vitro system. Vacuolated areas are seen in the region of the photoreceptor paraboloid bodies, and synaptic teminals in the outer plexiform layer appear swollen.
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In the present study, to evaluate the effects of neurotoxic glutamate on the developing rat photoreceptor cells quantitatively, an assay of the rod photoreceptorspecific protein, opsin, in glutamate-administered rat retinas was carried out.
MATERIALS AND METHODS
Rat rhodopsin was purified according to the method of Plantner and Kean (20) . The purity of the rhodopsin was determined by the ratio, A278/A498. The ratio of the purified rat rhodopsin was 1.7. The concentration of rat rhodopsin was calculated based on the molar extinction coefficient (£ =40,000). Rabbit anti-bovine opsin F(ab')2 was prepared as reported (ll). Monosodium L-glutamate (10^1 of 2.4M glutamate/g body weight) was administered into Spraque-Dawley rats subcutaneously at various developmental stages. Opsin was extracted from the retinas using one ml of 10 mMphosphate buffer, pH 7.4 containing 0.14 MNaCl and 1% Triton X-100 with sonication. The samples were centrifuged at 5,000 rpm for 10 min and the supernatants were used for assaying opsin content by means of enzyme-linked immunosorbent assay (ELISA) (ll). One eye was sufficient to determine the opsin content. For light microscopy, retinas were fixed with 2.5% glutaraldehyde, embedded in paraffin, sectioned, and stained with hematoxylin and eosin.
RESULTS
To determine the effects of glutamate concentration on the opsin expression in photoreceptor cells, varying amounts of glutamate were administered subcutaneously into 7-day-old rats. By light microscopy, marked thinning of the inner retina was observed at the concentration of 10jul of 2.4 Mglutamate/g body weight or more (Fig. 1) . Decrease in opsin content in the retinas occurred depending on the glutamate concentration (Fig. 2).
We administered glutamate into developing rats during postnatal day 1 to 13 and determined retinal thinning by light microscopy on postnatal day 14. Appreciable thinning in the inner layer occurred after a single injection of glutamate on postnatal day 3 to 10 ( Fig. 3) . Using the same experimental conditions as of Fig. 3 , we measured opsin content per retina (Fig. 4) . Wefound that opsin content decreased if glutamate was injected during early developmental stages (1 to 7 days after birth), but the content did not decrease if injected at day 13. To confirm whether the decreased opsin content wasrestored to the control level or not, weadministered glutamate on day 5 to 9 and measured opsin content up to postnatal day 90. Accumulation of opsin was observed in the glutamate-treated retinas, but only 50%of opsin was present as compared with 0.9%-NaCl-injected control rats (Fig. 5) postnatal day of glutamate treatment . Decrease of opsin occurred when the glutamate was administered during postnatal day 1 to 7. Decreased opsin content was significant comparedto control even if the glutamate was administered on postnatal day 1 , where the inner retina did not degenerate with glutamate administration. *p<0.05; **p<0.02; ***p<0.01 by t-test.
DISCUSSION
Wehave shownthe effects of glutamate on developing rat photoreceptor cells quantitatively using ELISA for photoreceptor cell specific protein, opsin. Developing-stage-specific and dose-dependent decrease in opsin was observed, whereas the inner retinal layer was spared, especially in early developmental stages and at low concentrations of glutamate. Mglutamate per gram body weight) was injected daily from postnatal day 5 to 9, and opsin was extracted from the retinas on the indicated postnatal day and compared with control retinas. Decrease in opsin was remarkable two days after administration. The decreased opsin content compared with the control retinas continued for a long time and was not restored even on postnatal day 60 (68.8%, n=2) or 90 (48.7%, n=2).
As previously described (1 1), our anti-opsin antibody recognizes rod opsin but not cone pigments. Therefore, we measured opsin in rod cells by ELISA,and the results seemedto reflect the rod photoreceptor response which occupied most of the rat photoreceptors.
Accumulating evidence supports the excitotoxic hypothesis that glutamate neurotoxicity is mediated through glutamate excitatory receptors and entails sustained depolarization of postsynaptic dendrosomal membranes, increased membrane permeability and impaired ion homeostasis (7, 16-18, 23, 25) . In the present study, the degeneration of the inner retina by glutamate administration was not appreciable if the amino acid was injected at postnatal day 1 or 2 ( Fig. 3) . Immaturity of glutamate receptors mayexplain the spared inner retina of early postnatal days. Onthe other hand, opsin content in the photoreceptor cells decreased after glutamate administration during these early developmental stages (Fig. 4) . Thus, glutamate effect on the opsin content of the photoreceptor cells seemed to be unrelated to the inner retinal degeneration. After postnatal day 13, the blood-retinal barrier becomes mature. The mechanismof decrease of the opsin content is unknownat present. A large decrease in photoreceptor cells by degeneration seems to be unlikely (Fig. 1) . Formation of a rosettelike structure by photoreceptor cells was observed, but its frequency was not sufficient to explain a 50% opsin decrease. Totally impaired development of glutamate-treated eyes is a likely candidate for the decreased opsin content, but the diameter of the glutamate-treated eyes was not significantly smaller than that of the control. Reportedly, glutamate activates phagocytosis of photoreceptor outer segments in frog retinas (9) , but no photoreceptor outer segment exists during postnatal day 1 to 3.
Rod and cone photoreceptors take up L-glutamate (3, 4, 12, 14) . Recently, Tachibana and Kaneko (27) Thus, we concluded that a high concentration of lglutamate markedly affects the expression of opsin in the developing rat photoreceptor cells.
